Recent developments of photonic integrated circuits for the mid-infrared band has opened up a new field of attractive applications for group IV photonics. Grating couplers, formed as diffractive structures on the chip surface, are key components for input and output coupling in integrated photonic platforms. While near-infrared optical fibers exhibit large mode field diameters compared to the wavelength, in the long-wave regime commercially available single-mode optical fibers have mode field diameters of the order of the operating wavelength. Consequently, an efficient fiber-chip surface coupler designed for the long-wave infrared range must radiate the power propagating in the waveguide with a higher radiation strength than a conventional grating coupler in the near-infrared range. In this article, we leverage the short electrical length required for long-wave infrared couplers to design a broadband all-dielectric micro-antenna for a suspended germanium platform at 7.67 µm. The design methodology is inspired by fundamental grating coupler equations, which remain valid even when the micro-antenna has only two or three diffractive elements. A simulated coupling efficiency of ~ 40% is achieved with a 1-dB bandwidth broader than 430 nm, which is almost twice the typical fractional bandwidth of a conventional grating coupler. In addition, the proposed design is markedly tolerant to fiber tilt misalignments of ±10°. This all-dielectric micro-antenna design paves the way for efficient fiber-chip coupling in long-wavelength midinfrared integrated platforms.
beyond λ ~ 4 µm have been proposed [7] [8] [9] [10] [11] [12] [13] [14] [15] . Another solution is the partial or total removal of the BOX, creating pedestal [16] or suspended waveguides [17] [18] [19] [20] [21] [22] . We have demonstrated a suspended silicon platform with subwavelength grating (SWG) lateral cladding for wavelengths of 3.8 µm and 7.67 µm [19, 20] . Germanium waveguides (low absorption loss up to ~ 15 µm) arise as a possible platform for the long-wave infrared (LWIR) range.
Research in LWIR integrated photonics has mainly focused on the development of lowloss waveguides, while other fundamental waveguide components are needed for practical implementations. In this context, fiber-chip edge couplers and grating couplers have been used to characterize new platforms (i.e. light coupling to measure propagation losses), but are not specifically optimized for high coupling efficiency. For example, in [23] a grating coupler was designed at λ = 7.5 µm for the graded Ge-rich GeSi platform [15, 24] , with a comparatively low coupling efficiency of 6.3% (−12 dB) and a good 1-dB bandwidth of 300 nm. In [22] , a 2D grating coupler was used at λ ~ 7.67 µm for a suspended membrane Ge platform, but the coupler was not suspended and high SiO 2 loss is expected to compromise the coupling efficiency, albeit no data on its performance was reported. Alternatively, in [20] we utilized a conventional grating coupler for suspended silicon at λ ~ 7.67 µm with coupling efficiency of 58% (−2.4 dB) and 1-dB bandwidth of 230 nm, but the coupler required a custom-made chalcogenide fiber with a mode field diameter of 29.5 µm. Therefore, there is a need for a development of highly efficient fiber-chip couplers for standard (non-custom) fibers at LWIR wavelengths.
In the LWIR regime, chalcogenide single-mode optical fibers are commercially available, with high refractive index (n core ~ 2.7) and large numerical aperture. In these fibers, a core diameter of the same order of magnitude as the operating wavelength is required to enable single-mode operation (D fiber ~ 12 µm) [25] [26] [27] . As the optical properties of the chalcogenide fibers differ substantially from those of standard silica near-infrared optical fibers, new types of surface fiber-chip couplers need to be designed for the former. Here we propose a microantenna design for the suspended Ge platform with SWG lateral cladding (see Fig. 1 ). The micro-antenna exhibits a coupling efficiency of 40% (−4 dB) and a remarkable 1-dB bandwidth of 436 nm, which is a two-fold enhancement of the fractional bandwidth with respect to conventional grating couplers in the near-IR. At the same time, our device is robust to fiber misalignments of ±10° (which is approximately three-fold improvement over typical grating couplers in the near-IR) and tolerant to fabrication errors by up to Δ = ±150 nm for transverse electric (TE) polarization at λ ~ 7.67 µm. The general strategy used to achieve these characteristics is to minimize the coupler length, specifically by radiating most of the power in the first diffractive elements, yielding the coupler length comparable to the operating wavelength. We show that fundamental grating coupler equations can still be used as a starting point for our design, even when, unlike in conventional grating couplers, the number of radiative elements is minimized. A 2D finite-difference time-domain (FDTD) simulation of the radiated field is shown in Fig. 1(b) .
This article is organized as follows. In section 2, the suspended Ge waveguides with SWG lateral claddings are introduced. A basic theoretical framework for grating couplers and their particularities in the LWIR range is outlined in section 3. The micro-antenna design flow is presented in section 4. Simulation results (2D and 3D) are discussed in section 5, along with some further practical considerations, including the relation between the operating wavelength, the optical fiber parameters, the geometry of the coupler and the tolerance to fabrication and fiber alignment errors. Finally, conclusions are drawn in section 6. The side view schematics also shows the optical fiber (drawn to scale) and calculated (2D FDTD) propagation of the electric field (TE polarization, λ = 7.67 µm) coupled from the chip into the optical fiber. The microantenna comprises only three radiative elements (length Λ) and an adaptation section (length a ad + b ad ). The total length of the microantenna, L, is comparable to the operating wavelength. While two radiation orders are allowed, most power is coupled to single order, which is clearly visible in the side view. Unlike in conventional grating couplers, most of the input power is radiated by the first radiative element. Figure 1 shows 3D and 2D schematics of the micro-antenna implemented in the SWGcladding suspended germanium waveguide platform, which is based on the Ge-on-SOI wafers described in [22] . The guiding layer thickness H = 1 µm is chosen to assure vertical singlemode operation at the central wavelength of 7.67 µm. At this wavelength, the Ge refractive index is n Ge ~ 4.
Suspended germanium platform
To fabricate the waveguides, holes are fully etched into the Ge layer in the first step. Next, the structure is dipped into a hydrofluoric (HF) acid solution which removes the SiO 2 layer. This leaves the Ge waveguide core suspended and anchored to lateral germanium, by a periodic array of narrow Ge arms of length L Ge . These strips constitute a SWG cladding of period Λ SWG and width W clad , performing a three-fold function: i) mechanically support the Ge waveguide core, ii) synthesize a cladding-core index contrast that enables light guiding for a fundamental mode and iii) allow the flow of the HF acid solution. The advantage of this SWG-cladding suspended platform is that it requires only one single dry etch step, unlike platforms based on suspended rib waveguides which require two etch steps, i.e. shallow etch for the waveguides and full etch for the venting holes [22] . In addition, the whole thickness of the Ge layer is used, thus making the structure more mechanically robust. Finally, the holes are in the close proximity to the waveguide core, minimizing the suspended area. This enables the realization of wide structures, such as MZI or MMI, as shown in suspended Si devices [19, 20] .
Following an approach similar to that in [20] , we choose the SWG cladding with a synthesized refractive index of ~ 2 (Λ SWG = 1 µm, L Ge = 0.2 µm), and W clad = 3 µm.
Grating couplers in the mid-IR band

Fundamentals
A surface grating coupler (SGC) is a diffractive structure formed in a planar waveguide, which couples the waveguide mode to an off-chip plane wave. The field radiated upwards is typically intercepted by an optical fiber positioned above the grating at a specific angle. As an alternative to edge couplers [28, 29] , SGCs enable wafer-scale testing and benefit from a high tolerance to alignment errors while obviating the need for cleaving or polishing the chip facets [30] .
Surface grating coupler radiation is governed by the grating momentum conservation equation [31] :
where n a is the refractive index of the medium into which light is radiated, m is a diffraction order, θ m is the radiation angle for a given diffraction order, Λ is the grating period, λ is the wavelength, and n B is the effective index of the Bloch-Floquet leaky mode supported by the periodic waveguide.
SGCs main performance metrics are the coupling efficiency (CE), the back-reflections (R) and the operational bandwidth (BW). Coupling efficiency is defined as the fraction of input power that is coupled from the chip to the optical fiber and vice versa. To achieve the maximum value of CE (100%), all injected power must be radiated upwards with a field profile that perfectly matches that of the near Gaussian mode of the optical fiber. Nevertheless, in uniformly periodic grating couplers, the radiated field follows an exponential profile with a decay constant proportional to grating radiation strength. Thus, to maximize the overlap for a given fiber (up to the theoretical maximum of ~ 80% for the exponential-to-Gaussian overlap [30] ), a specific grating radiation strength is required. Coupling efficiency also depends on back-reflections, arising from the intrinsic reflectivity of the grating, its mode mismatch with the uniform input waveguide and the Fresnel loss at the air-fiber interface. Typically, back-reflections smaller than −20 dB are required [32] . Grating coupler bandwidth (typically measured at 1 dB) is limited by the radiation angle change with the operating wavelength, according to Eq. (1). The bandwidth is determined by geometry and material refractive indices, but also by the mode field diameter and the numerical aperture of the optical fiber [33] [34] [35] . Typical near-IR grating couplers at λ ~ 1.55 µm have BW of ~50 nm [33] , which corresponds to a fractional bandwidth BW/λ = 3.23%. In consequence, to maintain the same fractional bandwidth, BW of at least ~ 250 nm is required at λ = 7.67 µm, in accordance with Maxwell's equations scaling properties [36] .
Light can be radiated by the grating in various diffraction orders, each radiating at a different angle, as in Eq. (1). Since the optical fiber can only be aligned to collect light from one order, grating couplers are usually designed with pitch Λ that meets Eq. (1) for only one diffraction order, which is typically m = −1 [31] . For some applications, gratings can also be designed to fulfill the single-beam radiation condition for the diffraction order m = 2 − [23, 37, 38] .
However, theoretically, high coupling efficiency can still be achieved when several orders are supported, provided the grating is designed such that most of the optical power is radiated into a single order. In this work, we relax the single-beam constraint and show that good designs can be achieved with two supported diffraction orders (m = −2 and m = −3) when power is coupled to only one of them (in our case, m = −2). From Eq. (1) it follows that no more than two orders will be radiated if 
This bound can be used to define the pitch range to be explored in the design process.
Fiber-chip surface couplers in the LWIR
A limited number of off-the-shelf (non-custom) single-mode optical fibers is commercially available for the LWIR band [25] [26] [27] . These optical fibers have different properties compared to near-IR fibers, with various implications affecting the design and performance of surface couplers, such as: High refractive index of the fiber core. The core material of LWIR fibers, arsenic triselenide (As 2 Se 3 ), is transparent in the mid-IR and has a refractive index of ~ 2.7 [26] . This value is almost twice the refractive index of near-IR fiber cores, which results in increased Fresnel reflections at the optical fiber facet. Therefore, an index-matching gel should be used in the gap between the chip and the fiber facet [39] . If this is not possible, the optical fiber must be accurately positioned in the y direction (see Fig. 1 ) to collect the highest possible power, but this may increase back-reflections.
Small mode field diameter (MFD). The MFD-to-wavelength ratio (MFD λ = MFD/λ) for LWIR fibers is much smaller than for conventional near-IR fibers. For example, IRFlex IRF-Se-12 fiber has a core diameter D core = 12 µm and a numerical aperture NA = 0.47 [26] . According to the Marcuse's formula [40] , these fiber specifications yield MFD λ ~ 1.8 at λ = 7.67 µm. This MFD λ value is much lower than for a conventional SMF-28 fiber at λ = 1.55 µm, which has MFD λ ~ 6.7 [41] . As the size of the coupling structure is in close relation to the mode field diameter of the fiber, the optimum electrical length of the grating, L λ = L/λ [42] , will be about 4 times shorter at λ = 7.67 µm than at λ = 1.55 µm. Accordingly, a grating with a substantially higher radiation strength will be required and coupler designs will be more complex than simply scaling up the coupler geometry from near-IR to LWIR. The shorter electrical length also implies a narrow diverging outgoing beam with cylindrical wavefront. Since grating couplers in the near-IR typically require about 20 periods to efficiently couple light into an optical fiber [30] , an efficient LWIR coupler would require only ~ 20/4 ~ 5 periods, assuming the pitch Λ is scaled correspondingly. If Λ is increased, the number of periods can be even smaller. Due to these fundamental differences with near-IR surface couplers, it can be argued that efficient LWIR surface couplers for non-custom optical fibers should operate more like micro-antennas rather than conventional grating couplers.
Beside the considerations related to optical fibers, the coupler design for the LWIR is also affected by the specific materials choice. As intrinsic silicon loss becomes high for λ > 8 µm, other materials are required for this wavelength range, for example, germanium (n Ge ~ 4), in a suspended waveguide platform. As the latter provides a higher index contrast than SOI and the Bragg band gap in periodic structures increases with the index contrast [36] , the range of Λ values within the Bragg regime is increased for germanium gratings compared to silicon gratings (ε Ge = 2 Ge n~ 16 > ε Si = 2 Si n~ 12). This results in radiation zones with a reduced range of periods Λ. Most single-beam grating couplers operate in the first radiation zone, located between first-and second-order Bragg regimes [31] . Designs operating in this radiation zone can suffer from narrower bandwidth and reduced tolerance to fabrication imperfections. To circumvent these limitations, different radiation zones should be examined when designing Ge-based fiber-chip surface couplers.
Design
Despite the small number of diffractive elements in the proposed micro-antenna, the grating coupler equation and typical design strategies can still be used, as will be shown in this section. The micro-antenna is designed according to a 2D model shown in Fig. 1(b) , assuming the structure is invariant with x. We use our in-house 2D Fourier eigenmode expansion method (Fourier-EEM) simulator, FEXEN, which is optimized for fast and efficient analysis of periodic structures [43] . The optimization of the pitch and the duty cycle is summarized in the following steps: i) Values of Λ and DC that produce fabricable structures with low back-reflections and operating far from Bragg regimes are selected. At this step, the calculations are performed efficiently with FEXEN by exciting only one period with the fundamental mode field of a homogeneous waveguide and imposing Bloch-Floquet boundary conditions on the other side, thus emulating a semi-infinite periodic structure.
ii) For the selected structures with comparatively low back-reflections, coupling efficiency and radiation angle are estimated from the radiated field and power. The simulations are carried out with FEXEN, now including the complete structure within the simulation window (input homogeneous waveguide, micro-antenna with enough number of periods to radiate most input power, and output homogeneous waveguide).
iii) The best design is selected according to three figures of merit: high coupling efficiency, small radiation angle and high tolerance to fabrication imperfections. iv) For the best design, back-reflections are further reduced with an adaptation section placed between the input access waveguide and the first radiative element. Once the optimal values for Λ and DC are found, the structure is simulated with 2D and 3D FDTD.
Back-reflections (R) are calculated for a complete set of (Λ, DC) pairs, which constitute our search space. Figure 2 shows the map of back-reflections for all possible gratings with periods ranging from 1 µm up to 10 µm. Below Λ ~ 1 µm, the periodic waveguide is working in the subwavelength grating (SWG) regime, i.e. neither radiation nor Bragg reflections take place [44, 45] . The upper bound for Λ was chosen to cover all periods that meet Eq. (2), Λ < λ = 7.67 µm. Since good designs could still be found for longer periods, additional values (up to Λ = 10 µm) were also evaluated. Bragg and radiation regimes can be recognized visually in this contour map of R. Reddish areas where R > 70% correspond to the different Bragg regimes. On the other hand, dark blue areas with R ≤ 30%, delimited with solid lines in Fig. 2 , are candidates for good coupler designs. We have chosen the maximum acceptable value of 30% because, as we will discuss later, back-reflections of this magnitude can be easily suppressed using simple adaptation sections. However, not all zones with low backreflections are useful in practice. Those with high DC values, i.e. small hole sizes, could prevent HF from successfully removing the BOX beneath the wide micro-antenna, while those with low DC values, i.e. thin germanium strips, could compromise the mechanical stability of the suspended coupler. Based on our previous suspended silicon devices [20] , structures with strips narrower than a = 200 nm and holes smaller than b = 500 nm are prone to collapsing or remaining unsuspended. Furthermore, designs located in narrow zones between two Bragg regions can exhibit low tolerance to fabrication errors, as small variations in Λ or DC can translate into huge variations in the radiation angle or can push the working point into the Bragg regime, leading to excessive back-reflections and hence low coupling efficiency. With all of these considerations taken into account, we have finally designated seven regions of interest (ROIs), labeled with numbers in Fig. 2 , which can potentially contain the best possible designs. It is important to remark that most of these ROIs (3 -7) do not meet single beam condition [31, 37] , and therefore they would not be evaluated following a conventional grating coupler design approach. Coupling efficiency and radiation angle are estimated exclusively for the reduced parameter space determined by the ROIs. For a mode field diameter of 13.56 µm, the structures with highest CE values can be found in ROIs 3 (bottom part), 4 and 7, as shown in Fig. 3(a) . Nonetheless, we discard designs in ROIs 3 and 7, as their associated radiation angles are greater than the maximum value accepted by typical measurement set-ups, about 30° [see Figs. 3(b) and 3(c)]. In ROI 4, we choose the design with Λ = 7.6 µm and DC = 0.55, resulting in a coupling efficiency CE = 0.29 with a radiation angle of θ ~ 9°. Despite its proximity to the ROI edge, this design is tolerant to fabrication imperfections, as typical errors (±150 nm) do not push the structure outside the ROI. Since this design is located between the fourth-and fifth-order Bragg regimes (fourth radiation zone), in general it could support up to four radiation orders simultaneously (m = −1, −2, −3 and −4). However, as Λ < λ , i.e. Equation (2) is satisfied, only two orders can be excited. Specifically, for the effective index calculated by our in-house simulator (n B = 2.18), the orders that meet Eq. (1) are m = −2 and m = −3. This is, to the best of our knowledge, the first time a surface chip-fiber coupler is designed to operate with high-order diffraction beams in the fourth radiation zone.
To reduce back-reflections, an adaptation section comprising an air trench and a germanium strip of lengths b ad and a ad , respectively, is introduced in front of the first diffractive element, as schematized in Fig. 1(d) . Both lengths, b ad = 400 nm and a ad = 200 nm, are chosen to minimize back-reflections down to R < 0.2% (around −30 dB). As a result of the enhanced matching between the waveguide and the grating region, the amount of power radiated upwards is increased, yielding a coupling efficiency of ~ 0.4.
The final geometric parameters are summarized in Table 1 . 
Simulation results and discussion
Once the micro-antenna is designed with 2D Fourier-EEM, we analyze it with 2D FDTD using RSoft FullWAVE by Synopsys. Figure 4(a) shows the simulated electric field distribution when the fundamental TE mode of the input waveguide is excited from the left. Because of the high radiation strength, most of the input power is radiated in the first radiative element and the wavefront is cylindrical instead of being flat. Furthermore, only one radiated beam (θ ~ 9°) can be seen in Fig. 4(a) , despite the coupler working in the fourth radiation ROI according to Figs. 2 and 3. For an infinitely periodic waveguide with the designed Λ and DC, our in-house simulator returns a Floquet-Bloch effective index n B = 2.18, which, from Eq. (1), implies θ -2 = arcsin(0.16) = 9.2°, in good agreement with the angle shown in Fig. 4(a) . Likewise, this analysis is confirmed with the far-field radiation pattern we calculated with the FullWAVE tool from a near-field cut 500 nm above the chip plane. The diagram shows that two radiation orders are supported, and one of them (θ = 8.6° ~ θ -2 ) noticeably prevails over the other (θ = −63.6°). The predominant radiation angle predicted by this far-field approximation confirms the inclination of the fiber estimated from our 2D Fourier-EEM simulations. Also, as a consequence of the strong exponential decay, the full width at half maximum of the fundamental beam is FWHM ~ 25°, more than twice that of conventional grating couplers with comparable coupling efficiency in the near-IR [46] . The simulation of the micro-antenna with H BOX → ∞ [see Fig. 4(b) ] shows that the radiation angle is mainly determined by the periodic structure, with marginal influence of the 3-µm thick BOX. We observe that the silicon substrate acts as a bottom reflector, increasing the directionality from 50% to 62% and decreasing the FWHM from 38° to 25°. A 2D slab model of an IRFlex IRF-Se-12 optical fiber is now introduced in the simulation window (core diameter D core = 12 µm, cladding diameter D clad = 170 µm, core refractive index n core = 2.7 and cladding refractive index n clad = 2.658 [26] ). As the micro-antenna radiation angle is θ ~ 9°, the fiber is tilted φ = 9° with respect to the vertical. Since reflections at the fiber facet can compromise the coupling efficiency, the height of the fiber above the chip must be chosen carefully to maximize coupling efficiency, unless an index-matching gel is used. Note that these reflections would affect not only the proposed micro-antenna, but any fiber-chip coupler. Figure 5 shows the simulated coupling efficiency as a function of the fiber-chip distance d fiber . We observe a standing wave pattern in the air gap between the micro-antenna and the fiber. The distance between maxima is approximately λ/2 ~ 3.8 µm. In practice, this separation provides enough margin to accurately align an optical fiber using nanopositioning stages. Hereafter in our simulations we select d fiber = 14.46 µm (central maximum in Fig. 5 ) because it is the minimum value of d fiber that could be used maintaining clearance between chip surface and fiber cladding. Table 2 provides the coupling efficiency, back-reflections and non-coupled transmitted power to the output waveguide for several micro-antennas with a different number (N) of diffractive elements. These parameters are calculated with FullWAVE by monitoring the field inside the optical fiber, the input waveguide and the output waveguide and computing the overlap with the corresponding mode fields. The 2D FDTD field distribution of each microantenna is shown in Fig. 6 . As transmitted power drops from T = 32.6% (N = 1) to 2.4% (N = 2), it is apparent that most of the power is radiated in the first two radiative elements, the first one being the strongest. For N > 2, micro-antenna performances are virtually indistinguishable. From now on we choose N = 3 for our nominal micro-antenna design since larger number of periods do not result in significant improvements. The simulated coupling efficiency is CE = 0.43, in good agreement with the value estimated without the optical fiber during the design process. Reflections at the input waveguide are R < 5%, higher than those initially designed due to the reflections at the air-fiber interface. The coupling efficiency as a function of the wavelength is shown in Fig. 7 (a) (blue line). The simulation of the reciprocal case, i.e. coupling light from the fiber into the chip, resulted in the same efficiency in virtue of the reciprocity principle [47] . A 1-dB bandwidth of BW = 465 nm is achieved. This corresponds to a fractional bandwidth BW/λ = 6.06%, which is almost twice the ratio of standard grating couplers at λ = 1.55 µm (BW/λ = 3.23% assuming BW = 50 nm) [33] . Such a broad bandwidth was anticipated because the micro-antenna has been designed to efficiently couple light to an optical fiber with reduced core width and large numerical aperture [33, 34] . Additionally, Fig. 7(b) represents the coupling efficiency as a function of the fiber angle misalignments (Δφ = φ -9°). The coupling efficiency is very tolerant to fiber tilt, with a 1-dB angular bandwidth of 19.3° (about ±10° with respect to the nominal tilt angle of 9°), which approximately constitutes a three-fold enhancement compared to the angular bandwidth of conventional grating couplers in the near-IR (around ±3°) [48] . This improvement arises from the broad angular width of the outgoing beam (see Fig. 4 ) and is consistent with the broad 1-dB bandwidth shown in Fig. 7(a) .
The proposed micro-antenna is very robust against fabrication errors. Figure 7 (a) shows the calculated coupling efficiency when a deviation Δ = ±150 nm is introduced in the length of the Ge segments a and a ad [see Fig. 1(b) ]. The penalty in coupling efficiency, maintaining the same fiber tilt angle as in the nominal case (i.e. 9°), is less than 10% at the central wavelength. The reason is that the absolute error Δ = ±150 nm (a typical value for our fabrication process) corresponds to a relative error ΔDC ~ 2% due to the large pitch.
Finally, 3D FDTD simulations are carried out to double-check the design. The width of the micro-antenna, which was not needed for the 2D approximation, was chosen to maximize the overlap between the radiated field and the optical fiber mode in the fiber facet plane, resulting in W g ~ 20 µm. Figure 7 (a) (blue dashed line) depicts the coupling efficiency as a function of the wavelength, yielding CE = 39.6% and BW = 436 nm. Figure 7(b) shows an angular bandwidth of 19.6°. These results agree well with our 2D simulations. 
Conclusions
The characteristic parameters of integrated platforms and commercial optical fibers complicate the design of surface fiber-chip couplers in the long wave IR regime (LWIR). In this work we have proposed a new all-dielectric micro-antenna design for a suspended germanium platform at the LWIR wavelength of 7.67 µm. A coupling efficiency of ~ 40% (−4 dB) is predicted with reduced back reflections and a broad 1-dB bandwidth greater than 430 nm, which almost doubles the typical fractional bandwidth of a conventional grating coupler in the near-infrared. An excellent angular bandwidth of ~ 20° is also achieved, providing for a fiber tilt tolerance of ±10° with an efficiency penalty of only 1 dB. Moreover, coupling efficiency is tolerant to fabrication errors up to ±150 nm. These results constitute the first step for the development of a platform for suspended Ge waveguides and building blocks with lateral SWG cladding in the LWIR band. We furthermore believe that the micro-antenna approach can be readily extended to other long-wave platforms.
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